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• Berkeley is currently leading a targeted experimental campaign 

to address these needs: 

• (n,p) production cross sections – UCB 

• Stacked-target charged particle excitation functions - LBNL 

• Tunable broad-spectrum neutron source – LBNL 

• Nuclear structure 

• 56Fe level scheme / lifetimes – GRETINA @ ANL 

 

 

 

Overview 
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64Cu and 47Sc (n,p) Cross-Section 
Measurements for Medical 
Radionuclide Production  

___________________________ 

UCB 
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Some perspective 
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Some perspective 

NDNCA Whitepaper available at 
 http://bang.berkeley.edu/events/ndnca/whitepaper/ 

Highlight from WTTC 2016: 54Fe(p,α)51Mn  
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Medical Applications 

• Emerging medical radionuclides 

– 64Cu (t1/2 = 12.7 hr) – 61% β+ to 64Ni, 39% β- to 64Zn 

– 47Sc (t1/2 = 3.35 d) – β- to 47Ti, with 159-keV γ 
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The UC Berkeley High Flux Neutron Generator 

Deuterium Gas 

RF 

D Plasma 

100kV 

D beam 
1-1000mA 

DD Fusion 

2.45 MeV neutrons, 108 n/s/cm2 

Extraction Plate: 5mm diameter 
 

H2O 

Commissioning: 
25 July 2015 
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The UC Berkeley High Flux Neutron Generator 

Foils Used 
 

Metal Purity Abundance 
(a/o) 

Foil Density 
(mg/cm2) 

natIn > 99.999% 113In (4.29%), 
115In (95.71%) 

365.5 

natZn > 99.99% 64Zn (49.17%) 714.1 

natTi 99.999% 47Ti (7.44%) 450.6 
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The UC Berkeley High Flux Neutron Generator 
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The UC Berkeley High Flux Neutron Generator 
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Relative Activation Measurements 

What’s going on??? 
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Neutron Energy Spread 
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Neutron Energy Spread 
H. Liskien et al., Nucl Data 
Tables, vol 11, 2973 Neutron Energy Spread 

Neutron flux profile modeled 
in target and monitor foil, 
using MCNP6 
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Neutron Energy Spread 
H. Liskien et al., Nucl Data 
Tables, vol 11, 2973 Neutron Energy Spread 

Neutron flux profile modeled 
in target and monitor foil, 
using MCNP6 

Emax = Maximum energy neutron 
subtended by foil 
F(E’) = Fraction of Total Reactions 
induced up to energy E’ 

<E> -σ<E> +σ<E> 
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Neutron Energy Spread 

Before… 

64Zn(n,p)64Cu 

47Ti(n,p)47Sc 
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Neutron Energy Spread 

After! 

64Zn(n,p)64Cu 

47Ti(n,p)47Sc 
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Neutron Energy Spread 

After! 

64Zn(n,p)64Cu 

47Ti(n,p)47Sc 



Monoenergetic Beam: 103-4
 

n/s/cm2 

Internal: 
108

 

n/s/cm2 

Future Work 

Target Nuclide 

Threshold 

(keV) 

% 

abundance 

Strongest γ-ray 

branch (keV) 

# seen in a 

0.5% Ge 

detector 

Rate in a 

0.5% 

detector 

32S 32P 985 95% 0 0.00E+00 0.00 

47Ti 47Ti 0 7.44% 159.381 1.24E+05 1.44 

64Zn 64Cu 0 49.20% 511 5.03E+05 5.82 

67Zn 67Cu 0 4.04% 184.577 5.45E+04 0.63 

89Y 89Sr 726 100% 908.96 1.25E+02 0.00 

105Pd 105Rh 0 22.33% 318.9 1.27E+05 1.47 

149Sm 149Pm 291 11.24% 285.94 4.47E+03 0.05 

153Eu 153Sm 25 52.19% 103.18 1.36E+05 1.58 

159Tb 159Gd 190 100% 363.543 1.58E+05 1.83 

161Dy 161Tb 0 18.89% 75.57 2.66E+04 0.31 

166Er 166Ho 1079 33.50% 1379.4 4.39E+03 0.05 

169Tm 169Er 0 100% 109.8 1.87E+01 0.00 

175Lu 175Yb 0 97.40% 396.3 1.88E+05 2.18 

177Hf 177Lu 0 18.60% 208.4 3.77E+04 0.44 

Phase 1 current 
upgrade complete! 
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Stacked-target Charged Particle 
Excitation Functions 

 ___________________________ 

LBNL 
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BGS 
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25 μm – thin foils in 0.1” Al frames 
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Cu Spectra 

Ti Spectra 

Al Spectra 
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Preliminary 
results 



27 
14 November 2016 |  NDW 16 - 

CSEWG 

Tunable Neutron Source  

___________________________ 

LBNL 
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Preliminary Ed = 16 MeV 

K.P. Harrig, J.A. Brown, D.L. Bleuel, B.L. 
Goldblum, L.A. Bernstein, E.F. Matthews, 
T. Laplace:  
Bay Area Neutron Group 

10-cm-radius, well-collimated, open-air neutron beam  
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56Fe Structure 

___________________________ 

GRETINA @ ANL 
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Larsen et al,  
DOI: 
10.1103/PhysRe
vC.82.014318 
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Leo Kirsch 

UC Berkeley  

4th year PhD student 

56Fe 

p' 

p
i 

ɤ 

GRETINA: Eɤ, θɤ 

Phoswich Wall: 
Ep, θp 

LBNL GRETINA Team 
56Fe(p,p'ɤ) @ Argonne 
 

Level Scheme 

Low lying lifetimes 
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Tracked 

g-g data 

56Fe(p,p’g) Level Scheme (partial) 
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Recoil Simulation 

p' 

Doppler Shift 

After t1/2=30 fs correction 
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o
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Recoil away from  

emission: low Eɤ  

Recoil toward 

emission: high Eɤ  

56Fe 2+
2 → 2+

1 

56Fe 

Lvl(keV) Eγ(keV) Transition t1/2 (fs) (n,n')  (p,p') 

2657   1810  2+
2→ 2+

1  33(2)  21(1)  28(7) 

2960   2113  2+
3→ 2+

1 20(4)  28(3)  27(9) 

3120   2273  1+
1→ 2+

1 20(8)  19(1)  24(11) 

3123   1037  4+
2→ 4+

1 51(4)  47(12)  

3370   2523  2+
4→ 2+

1 19(2)  17(3)  18(7) 

3445   2598  3+
1→ 2+

1 <52  29(5)  <28 

ENSDF 

Comparison 

Outgoing particle  

not observed 

This 

Work 
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Thanks! 


